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Abstract:

By-products of fatty acid degradation are extensively utilized by Mycobacterium tuberculosis (Mtb) for lipid synthesis and energy
production during the infection phase. Cholesterol from host is scavenged by Mtb to fulfill its metabolic requirements, evade host
immunity and invade macrophages. Blocking cholesterol catabolic pathways leads to bacteriostasis. FadA5 (Acetyl-CoA
acetyltransferase), a thiolase encoded by fadA5 (Rv3546) gene in Mtb, plays a crucial role in cholesterol aliphatic chain degradation.
Hence, FadAb is a potential target for designing antitubercular inhibitors. In this study, 60,284 anti-tuberculosis (bioactive) compounds
from ChEMBL database and analogous library from ZINC database of commercially available compounds have been screened against
FadAb active site to identify compounds having inhibitory potential against both the apo (state I) and the intermediate (state II) states
of FadAb5. Altogether, this study reports 7 potential inhibitors against two functional states of FadA5, which can be further taken for in-

vitro studies.
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Background:

Hypercholesterolemia is known to impair immunity against TB
and contributes towards the infection development [1]. Host
lipids have been shown to play an important role in Mtb survival
against the host immunity [2]. Mtb primarily uses fatty acids as
their main source of carbon during infection [3] and requires
cholesterol for macrophage invasion [4]. Mtb does not synthesize
cholesterol instead utilizes host cholesterol to accomplish its
metabolism [5]. They penetrate the macrophage membrane
where cholesterol-rich microdomains are present [6]. By-products
of cholesterol catabolism are used by the bacterium for lipid
synthesis and energy production [7]. Deletion of mce4 transporter
in Mtb blocked cholesterol import thus resulting in reduced
infection both in the activated and the mouse model [7]. Blocking
cholesterol catabolic pathways at certain steps have been shown
to cause bacteriostasis and cell deaths in Mtb [8]. These literature
evidences justify that cholesterol and cholesterol catabolic
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pathway is crucial for Mtb survival in macrophages and can be
targeted to develop new antitubercular drugs.

Cholesterol catabolism in Mtb starts with the degradation of
aliphatic side chains of cholesterol followed by the sequential
degradation of rings [5]. Many enzymes are involved in this
process. FadAb5 is one such enzyme, encoded by fadA5 (Rv3546)
that catalyzes the thiolysis of keto CoA-esters formed during
beta-oxidation of the cholesterol side chain [10] and produces
androsterone metabolites, which contribute towards Mtb
persistence [9]. The complete degradation process follows a ping-
pong mechanism where an acylated-cysteine intermediate is
formed. This active site cysteine is crucial for catalysis as its
mutation leads to attenuation of infection in the mouse model [9].
Recently, four structure variants of FadA5 have been published
representing its apo form [PDB ID: 4UBW], wild-type acetyl-CoA
bound form (WT-(Ac-)CoA) [PDB ID: 4UBV], CoA bound
intermediate form (C93S-CoA Complex) [4UBU] and OPC (which
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is a small molecule steroid [10]) bound intermediate form, i.e.,
C93S OPC Complex [PDB ID: 4UBT].

In this study, we have screened known antituberculosis bioactive
chemical library (ChEMBL database) and an analogous library
(ZINC database) to identify novel active inhibitors against
FadAb5. The intermediate form of FadA5 (state II) has acetylated
serine (OAS93), which is larger in size as compared to C93
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present in FadA5 state I. This is why, firstly, CoA bound
intermediate form (OAS93-CoA; acetylated-serine-CoA) was
used to identify top hits which were then cross-docked against
apo-form to identify potential inhibitors against both the
functional states of the enzyme. We report 7 compounds, which
have good predicted inhibitory potential towards state I and state
II of Fad A5.

Table 1: Docking and post docking results of analogues and ChEMBL chemical library against Fad A5 state I (apo structure).

b C(s)glﬂg: ‘éﬂtiiﬁi‘;‘“ (12;81;3:1) (K)if]j;r[in Number of HB N“mb;fl;fr :ztyii;zphobic NIB
Sé:e I ZINC86864386 -11.065 -9.58 6;5 1(;3'21166 <(3311nn117571 ?ﬁﬁ‘fg " N
st%je- I ZINC67913793 -11.006 957 5 Ly(s;llgl /;;’g%;,rg?m, g o
séi; I ZINC03919243 -10.:54 -9.37 i Lyglil(;;r,l}rilr’ﬁéaglz 13 62
Séfe I ZINC38143877 -10.346 9.49 5 Aréﬂi 7G71n"l}§32 ;1;343, " .
Stcatge' I CHEMBL233434 -10.102 -898 4 Arg17,sgrzlz7, Te248, 0 -
Séfe I ZINC39351841 -9.987 920 5; Arg111e7é f?srcz;ﬁi%mm' , o
St(iél CHEMBL296650 -9.906 936 6;G Lhzi;g ?1224436 TAh1Ia232137, " N

CID: Compound identification number used in this paper. HB: hydrogen bond forming residues. NBI: Non-bonded interactions.

Methodology:
The workflow used in this work is shown in supplementary
figure 1.

Target protein structure

FadA5 belongs to thiolase family of enzyme, involved in the
catabolism of fatty acids. The crystal structure of the enzyme was
solved with acetyl-CoA and CoA. The active site of the enzyme
consists of amino acid residues C93, R221, H347, A242, G243,
Q177, S246, T224 and G227. In addition to active site residues,
CoA, which is a substrate to the enzyme, also makes direct
interactions with Q151, T223, and S246 and water-mediated
interaction with Q247 [10]. In this study, two structures, one
representing the apo form (PDB ID: 4UBW) and one representing
the modified C93S variant of the 3-ketoacyl-CoA thiolase FadA5
(PDB ID: 4UBU) were selected as target, which will be referred as
FadA5 state I and FadA5 state II, respectively in rest of the
manuscript. FadA5 state II was obtained by modifying C93to
OAS93 (acetylated-serine). Both the states of the protein were
prepared using protein prep wizard of Schrédinger suite [11].
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While preparation of the receptor, all water molecules were
deleted and missing hydrogen atoms were added. Missing side
chain residues were modeled using prime tool available in
Schrodinger suite [12]. It was followed by restrained energy
minimization by fixing the main chain to remove steric clashes
between side chains. While preparation of the receptor of FadA5
state I, CoA was retained to define the active site of the enzyme.
The receptor grid was generated using Glide module [13, 14] of
Schrodinger suite. The receptor grid was generated using the
center of CoA as grid center, and the grid boundary was defined
in such a way that the minimum distance between any atom of
ligand and grid boundary is at least 5A. The active site of the apo
form of FadAb5 (state I) was defined by the amino acid residues,
which are in close proximity of CoA in state II of FadA5, which
was later, used for receptor grid generation.

Selection and preparation of Chemical library

In the present work, two chemical libraries, viz ChEMBL anti-
tuberculosis (bioactive) database and ZINC analog were
employed to identify inhibitors against FadA5. The ChEMBL
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database is publicly available [15] and consists of 2,101,843
compounds. From ChEMBL database, only the Mtb specific
bioactive compounds (60284) library was selected for screening
purpose. The ZINC database [16] contains 35 million purchasable
compounds. From the ZINC database, only those chemicals were
selected which were analogous to the top hits obtained from
ChEMBL database (similarity cutoff >= 90%). Preparation of each
chemical library was done in the following manner. First, small
fragments were removed, then hydrogen atoms were added and
finally, the structures were optimized. These steps were
performed using Corina software [17]. And at last, the library
was prepared using LigPrep module of Schréodinger Suite. The
ionization state of the ligands was predicted using Epik [18] (pH,
7+2) and a maximum of 32 stereoisomers were generated.

Screening of anti-tuberculosis (bioactive) compounds and its
analogues against Fad A5 state II:

At first, the compounds from the prepared ChEMBL compound
library were screened against the receptor grid generated for
FadAb state II. Starting with a total of 139498 prepared structures,
first, virtual screening was performed in SP (Standard precision)
mode [14] followed by XP (Extra Precision) [19] of top 10% hits,
i.e., 13949 structures. In the later stage, top 10 ranked compounds
based on G-Score obtained from XP in glide, were taken for
further analysis. For docking in SP and XP mode, the upper limit
for the allowed number of atoms in each ligand structure was
kept to 200 and the upper limit for the allowed number of
rotatable bonds was kept to 50. Additionally, epik state penalties
[18] were added in calculation of scores in each case. In the last
stage, screening of analogs of the top-ranked ChEMBL
compounds from ZINC database was performed. The analogous
library was screened directly in XP mode. The binding affinities
of the obtained best binding pose of top ranking compounds
were predicted using X-score (v1.2.1). X-score estimates the
binding affinity of a given binding mode of a ligand within the
binding pocket using empirical scoring function. Its scoring
function estimates the binding affinity on the basis of four energy
terms viz Van der Waals interaction energy, hydrogen bonding
energy, deformation penalty and hydrophobic effect.

Screening of top ranked compounds of FadA5 state II against
FadAb5 state I:

The top-ranked compounds obtained after screening of ChEMBL
and analogues library against FadAb5 state II were re-docked
against FadA5 state I in XP mode to identify compounds that
bind to both the states of the enzyme. The compounds were then
scored and evaluated.

Results and Discussion:

Screening of anti-tuberculosis (bioactive) compounds against
FadA5 State II:

After screening ChEMBL compounds against FadAb state I, the
compounds were ranked on the basis of G-score. The G-Score of
the top 10 compounds ranged from -12.252 kcal/mol (C1) to -10
34 kcal/mol (C10) (supplementary table 1). The predicted
binding affinity of each compound using X-score lie in the range
of -10.67 kcal/mol (C8) to -8.46 kcal/mol (C3) (supplementary
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table 1). To understand the interactions of top-ranked
compounds, the 2D interaction profiles were generated using
LigPlus, and different types of interactions between ligands and
protein were analyzed.

As mentioned in supplementary table 1, compound C8 possess
the highest binding affinity towards FadA5 state Il among all the
top 10 compounds when examined in terms of X-score.
Compounds C1, C2, C4, C5, C6, C7 and C10 were found to have
binding affinities close to -9 kcal/mol calculated using X-score.
Compound C3 although raked better than C4, C5, C6, C7, C8, C9
and C10in terms of G-score; the calculated binding affinity using
X-score suggests that it has lower binding affinity compared to
other compounds enlisted in top 10 list. All the top 10 listed
compounds have more or less similar binding affinity
towardsFadAb state II as they share similar structure scaffold.

Combining all these properties, we can say that the compound
Cl (2D interaction profile of C1 is shown in supplementary
figure 2) and C8 (2D interaction profile is shown in
supplementary figure 3) have the highest inhibitory potential in
terms of X-score, G-score, and the number of hydrogen bonds
they share with binding pocket residues (supplementary figure
2).

Molecular docking of analogues chemical library against FadA5
State II:

The docking studies for analogues compound library obtained
from ZINC database was performed and the compounds were
ranked on the basis of G-score (supplementary table 1). The G-
score and X-score of the top ten compounds (Z1-Z10) vary
between -12.626 Kcal/mol (Z1) to -11.582 kcal/mol (Z10) and -
9.81 kcal/mol (Z2 and Z4) to -817 kcal/mol (Z10)
(supplementary table 1), respectively. Compounds Z2 and Z4
were found to have the highest affinity, i.e., -9.81 kcal/mol; and
compound Z10 was found to have the least affinity, i.e., -8.17
kcal/mol towards FadAb state II as per X-score. 2D interaction
profile of the complexes reveal that compounds Z2 and Z5 form
the highest number of hydrogen bond interaction which involves
amino acid residues Lysl6, Arg 17, GInl151, GInl177, Thr223,
Ser246 1le248, Ala317, and Ile343, out of which the hydrogen
bonds with all residues except I1e248 and Ser246 are conserved.
The obtained results imply that compounds Z2 (supplementary
figure 4) and Z5 (supplementary figure 3) have good affinity
towards FadAb5 state II.

Molecular docking of anti-tuberculosis (bioactive, C1-C10) and
analogues (Z1-Z10) compounds against FadA5 State I:

The FadA5 state I and state II represents the apo and
intermediate forms of FadA5 and differs only in terms of one
residue, i.e., in state I C93 is modified to acetylated-serine, which
represents an intermediate functional state of the enzyme. Since,
we were interested in identifying inhibitors against both the
functional states of the enzyme FadAb5, we cross-docked the top-
ranked compounds from ChEMBL as well as ZINC library, which
were found to have good binding affinity towards FadA5 state II,
against FadAb5 state I. The top-ranked compounds are listed in
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table 1. The compounds, in this case, are referred with the same
CID as with the FadAb5 state II with a suffix “state I” to represent
their interactions with Fad A5 state 1.

In case of FadAb5 state I, the G-score ranges between -11.065
kcal/mol to -9.906 kcal/mol being lowest for Zl-state I and
highest for Cl-state I. The binding affinities predicted using X-
score ranges from -9.58 kcal/mol to -8.28 kcal/mol (Table 1). Z1-
state I is shown to have the highest affinity towards FadA5 state
I. The 2D interaction profile of Z1-state I with both the states of
FadAb5 is shown in Figure 1. For other compounds, the ranking
order has changed, but have almost similar type of binding
affinities with the FadAb state I as have been observed for FadA5
state II. Number of hydrogen bond interaction ranges between 4
to 6, numbers of lipophilic interactions varies between 7-13 and
number of non-bonded interactions varies between 42 and 63
(Table 1). These results imply that the compounds enlisted in
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table 1 have good affinity towards both the functional states of
FadA5.

Comparing the results obtained for various compounds after
docking to Fad A5 state II and Fad A5 state I, it can be implied that
all the top-ranked ChEMBL compounds enlisted in table 1 and
their analogs enlisted in supplementary table 1, interact in the
same fashion to both the states of FadA5. For example,
Compound Z1, which is shown to have more affinity towards
FadAb5 state II (supplementary table 1) also has good binding
affinity towards FadAb state I (Table 1). From 2D plots of the
complexes of Z1 with FadAb5 state II and FadAb state I as shown
in figure 1, it is quite obvious that this compound interacts with
FadAb state I and state II in a similar fashion and binds in same
orientation forming same hydrogen bond interactions and have
similar binding affinity towards both the states of the enzyme.
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Figure 1: (A) FadAb state II and Z1 complex, (B) FadAb state II and Z1 interaction profile, (C) FadA5 state I and Z1 complex and (D)
FadAb state I and Z1 interaction profile. In (B) and (D), Z1 is represented in violet colored bonds, green color dashed line represents
hydrogen bonds between Z1 and protein, red radial spokes represents residues forming hydrophobic interactions and hydrogen bond
forming residues are represented in golden color bonds. Hydrogen bond lengths are labeled in A.
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Conclusions:

Docking and post-docking analysis suggest that the top-ranked
compounds reported in this study have similar type of
interaction profile and affinity towards both the states of FadA5,
except compound C3 and C9 which have relatively less affinity
towards the enzyme. Altogether, this study reports 7 potential
inhibitors against both the functional states of FadA5, which can
be taken further for in-vitro studies.

Acknowledgment:

We thank Dr. Preeti Pandey for her comments on the manuscript.
AK]J acknowledges UGC NON-NET and DST-PURSE fellowship
scheme. AK acknowledges CSIR-SRF.

References:

[1] Martens GW et al. Infect. Immun.
18505807]

[2] SavviS, et al. ]J. Bacterio. 2008, 190:11. [PMID: 18375549]

[8]1 Muifoz-Elias EJ et al. Nat. Med. 2005,11:6. [PMID: 15895072]

[4] John Gatfield et al. Science. 2007, 288:5471. [PMID: 10834844]

[3] Owuellet H et al. Trends Microbiol. 2011,19:11. [PMID:
28002883]

[6] Munoz S et al. Scand. J. Immunol. 2009, 70:3. [PMID:
19703015]

2008, 76:8 [PMID:

[71

8]
91

[10]
1]

[12]
[13]
[14]
[15]
[16]

[17]
[18]

[19]

Open access

Pandey AK et al. Proc. Natl. Acad. Sci. U. S. A. 2008, 105:11.
[PMID: 18334639]

Yam KC et al. PLoS Pathog. 2009, 5:3. [PMID: 19300498]
Nesbitt NM et al. Infect. Immun. 2010, 78:1. [PMID:
19822655]

Schaefer CM et al. Structure. 2015, 23:1. [PMID: 25482540]
Schrodinger Release 2016-1: Ligand prep wizard,
Schrodinger, LLC, New York N (2016).

Schrodinger Release 2016-1: prime tool, Schrodinger, LLC,
New York N (2016).

Schrodinger Release 2016-1: Glide, Schrodinger, LLC, New
York N (2016).

Halgren TA et al. J. Med. Chem. 2004, 47:7. [PMID:
15027866]

Gaulton A et al. Nucleic Acid Res. 2012, 40:D1100-7. [PMID:
21948594]

Sterling T et al. J. Chem. Inf. Model. 2015, 55:11. [PMID:
26479676]

Sadowski JJ et al. J. Chem. Inf. Model. 1994, 34:4.
Schrodinger Release 2016-1: Epik, Schrodinger, LLC, New
York N (2016).

Friesner RA et al. J. Med. Chem. 2006, 49:21. [PMID:
17034125]

Edited by P Kangueane
Citation: Jaiswal et al. Bioinformation 14(6): 327-336 (2018)

License statement: This is an Open Access article which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly credited. This is distributed under the terms of the Creative Commons Attribution License

ISSN 0973-2063 (online) 0973-8894 (print)

Bioinformation 14(6): 327-336 (2018)

331

BIOMEDICAL
0 50 5%

- S

INFORMATICS

©2018



Open access

Supplementary data:

Supplementary Figure 1: Docking workflow used in the present study.
Anti-tuberculosis
(Bioactive) Structure preparation FadAS State Il FadAS State |
Compounds - 5 Corina PDB ID: 4UBU / / PDB ID: 4UBW
CHEMBL Ligprep
(60284 Compounds) ¢ l l

/1 e Protein Preparation

(Protein prep wizard)
«— /Generated Grid (4UBU)/ €«—— Receptor Grid Generation
(Glide Docking tool)

A4 (Schrodinger's suite)
Virtual Screening
Standard Precision (SP)
mode l
Glide Docking Tool

(Schrodinger's suite)
l /éenerated Grid (4UBV
Top 10% Compounds
(13949)

l, y
<

Molecular Docking
Extra Standard Precision |€———~

Analogue Search (XP) mode
(90% similarity Cut off) —_—> Glide Docking Tool < J
Zinc Database (Schrodinger's suite)
TOP 10 20
— Anti-tuberculosis (Bioactive) >
Compounds Top ranked Compounds
A 4
TOP 10
— Anti-tuberculosis (Bioactive)
Compounds
Y
op 10 Compounds from
Combined library
Comparative Dogklng and o Potential Inhibitors
\ > Post Docking > f FadA5
L _ Analysis ore

BIOMEDICAL

ISSN 0973-2063 (online) 0973-8894 (print) :
INFORMATICS

Bioinformation 14(6): 327-336 (2018) 332
©2018



Open access

Supplementary Figure 2: (A) Compound C1 bound to FadAb5 state II, (B) hydrogen bonding interaction of C1 and active site amino
acid residues and (C) ligand interaction profile of C1 in the binding pocket. Legends of protein ligand interactions are given in Figure
1.
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Supplementary Figure 3: (A) Compound C8 bound to FadAS5 state II, (B) 2D interaction profile of C8 in the binding pocket, (C)
Compound Z5 bound to FadA5 state II and (D) 2D interaction profile of Z5 in the binding pocket. Legends of protein ligand

interactions are given in Figure 1.
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Supplementary Figure 4: (A) Compound Z2 bound to FadAb5 state II, (B) hydrogen bonding interaction of Z2 and active site amino
acid residues and (C) ligand interaction profile of Z2 in the binding pocket. Legends of protein ligand interactions are given in Figure

(C) Gly243

( B ) Thr223

Val234

11e248

Argl7 GIn151

ISSN 0973-2063 (online) 0973-8894 (print) BIOEC

335 " INFORMATICS

©2018

Bioinformation 14(6): 327-336 (2018)



Open access

Supplementary Table 1: Top ranking compounds against Fad A5 state II structure from virtual screening of known anti-tuberculosis
compounds (ChEMBL bio-assay) and analogoues compounds (ZINC database).

FadAb state II - ChREMBL FadAb state II - ZINC
cID IUPAC NAME G-Score X-score cID IUPAC NAME G-Score X-score
(CHEMBL ID) (Kcal/mol)  (Kcal/Mol) (ZINCdatabase ID)  (Kcal/mol)  (Kcal/Mol)

C1 (CHEMBL296650) -12.252 -9.92 71 (ZINC86864386) -12.626 -9.44
C2 (CHEMBL2024335) -12.224 -9.10 72 (ZINC39351841) -12.483 -9.81
C3 (CHEMBL250087) -11.409 -8.46 73 (ZINC60392740) -12.325 -8.46
Cc4 (CHEMBL2024340) -11.405 -9.13 74 (ZINC03919243) -12.198 -9.81
C5 (CHEMBLS82570) -11.065 -9.39 75 (ZINC60392741) -12.012 -8.46
Co6 (CHEMBL392204) -10.957 -9.06 76 (ZINC77311642) -11.817 -8.66
c7 (CHEMBL510826) -10.867 -9.67 V4 (ZINC38143877) -11.732 -9.28
C8 (CHEMBL1910811) -10.449 -10.67 78 (ZINC67913793) -11.621 -9.45
9 (CHEMBL233434) -10.381 -8.70 79 (ZINC86864389) -11.599 -9.34
C10 (CHEMBL247657) -10.34 -10.40 710 (ZINC85480044) -11.582 -8.17

CID: Compound identification number used in this paper.
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